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TURBULENCE STUDIES I N  CONJUNCTION WITH THE DETERMINATION 
OF THE ACOUSTIC CHARACTERISTICS OF A JET 

Y e .  V. Vlasov 

ABSTRACT 

Experimental 

f luc tua t ion  rate, 

determination of t he  components of flow 

the turbulent vortex volume, and the  

turbulent  f luc tua t ion  frequency i n  order t o  make use of 

t he  L igh th i l l  equation i n  determining the acoust ic  power 

of a free turbulent  jet. The equation is  used t o  obtain 

from j e t  veloci ty  

the  longi tudinal  , 

acoust ic  power of 

f luctuat ion components t he  spec t ra  of 

tangent ia l  and radial components a d  

the  je t .  

Fundamental equations describing the  acoust ic  f i e l d  generated by an /568* 

isothermal turbulent  j e t  of incompressible f l u i d  were derived by L igh th i l l  

( r e f s .  1 and 2 ) .  

of discont inui ty ,  L igh th i l l  derived a formula f o r  ca lcu la t ing  the  acoust ic  

Using the  equation of motion f o r  t he  f l u i d  and the  equation 
\ 

power rad ia ted  by a unit volume of t h e  turbulent  region 

In  order t o  use t h i s  formula, it is  necessary t o  know a l l  th ree  com- 

ponents of t he  pulsat ion veloci ty  of the flow, the  cor re la t ion  between these 

components, t he  volume of t he  cha rac t e r i s t i c  eddy vortex and the  frequency of 

the eddy pulsat ions.  
*Nunibem given i n  margin ind ica te  pagination i n  o r ig ina l  fore ign  t e x t .  

If these turbulence characteristics a re  known f o r  the  



e n t i r e  flow region, then t h e  acoust ic  power of t he  j e t  may be calculated.  

However, s ince L i g h t h i l l  states t h a t  most of the  acoust ic  power is rad ia ted  

by t h e  i n i t i a l  sec t ion  of t he  je t ,  it should be clear t h a t  a de t a i l ed  study 

of  turbulence cha rac t e r i s t i c s  is necessary i n  t h i s  p a r t i c u l a r  region of t he  

flow. Unfortunately, t h e  available s tudies  of  t h i s  region (refs. 3 and 4)  do 

not  contain s u f f i c i e n t  da ta  f o r  solving the  L i g h t h i l l  equations. For t h i s  

reason, addi t iona l  inves t iga t ion  o f  the turbulent  cha rac t e r i s t i c s  of  a free 

j e t  is required.  The r e s u l t s  of  j u s t  such an inves t iga t ion  are given i n  t h e  

present paper, p a r t i c u l a r  a t t en t ion  being given t o  t h e  i n i t i a l  and t r ans i -  

t i o n a l  sect ions.  

An a i r  j e t  w a s  s tudied flowing from nozzles with diameters of  40 and 

55 mm a t  an i n i t i a l  rate of  flow u = 25-135 m/sec and temperature !To = 288OK. 

Preliminary measurements using a P i t o t  tube showed t h a t  t h e  mean ve loc i ty  

p r o f i l e s  i n  various sec t ions  of these jets coincide r a t h e r  w e l l  with t h e  mi- 

ve r sa l  p r o f i l e  ( r e f .  5).  

0 

The turbulence cha rac t e r i s t i c s  were measured with equipment made by 

t h e  "Disa Electronics" company ( re f .  6 ) .  This equipment cons is t s  of two con- 

stant-temperature hot-wire anemometers and a cor re la tor .  Two types of pick- 

ups w e r e  used f o r  t he  measurements--a single-fi lament un i t  and an x-shaped 

un i t .  The sensing element of these  pickups w a s  a tungsten w i r e  0.005 mm i n  

diameter and ~1 mm long. 

band of '/lo octave w a s  used f o r  spher ica l  ana lys i s  of t he  turbulence. 

A spectrometer with a constant r e l a t i v e  pass- /569 - 
- The 

equipment had a l i n e a r  frequency response i n  the  16-20,000 cps range. 

single-fi lament pickups were used f o r  measuring t h e  longi tudina l  and t rans-  

Two 

verse cor re la t ion  coe f f i c i en t s  of the  longi tudina l  component of t h e  pulsa t ion  

veloci ty .  One of these  pickups was s ta t ionary ,  and t h e  o ther  w a s  moved down- 

2 



stream along t h e  axis of t h e  j e t  ( for  measuring the  longi tudinal  cor re la t ion  

coe f f i c i en t )  o r  along the  normal t o  t h e  axis toward the  outer  boundary of the  

j e t  ( f o r  measuring t h e  t ransverse coef f ic ien t ) .  

The i n t e g r a l  sca le  of t h e  turbulence w a s  calculated f r o m  t h e  formula 

A study of t he  pulsat ion veloci ty  fields showea tna-c t h e  curves f o r  

d i s t r i b u t i o n  of turbulence i n t e n s i t y  i n  t h e  i n i t i a l  and t r a n s i t i o n a l  sect ions 

of t h e  j e t  ~ ~ f u , , ;  VTfh; -f>/% 2 cp (y/r) have a m a x i m u m  which remains constant 

i n  magnit~cjg 

y / r =  0 ) .  

main sec t ion  of t h e  je t .  

t he  l a w  f o r  reduction i n  m a x i m u m  value of  w / u o  along t h e  mixing region of  

t h e  main sec t ion  of the  j e t  may be expressed by w / u o  = const d/x. 

on the  rcldial LLne pasFng through the edge of the nnzzle (i. e. 

A reduction i s  observed i n  t h e  turbulence in t ens i ty  m a x i m u m  i n  t h e  

For r e l a t i v e l y  s m a l l  values of  x (when x/d< 201, 

Fig. 1. 

i n  t h e  i n i t i a l  and t r a n s i t i o n a l  sec t ions  of t he  je t  ( A  

i n  % m / u o - - l ;  m / u  2; w / u O - - 3 ) :  a t  d =  40 m; 

u0 = 120 m/sec (a--x/d= 2 ;  b--4; c--5; d--6; e--4) and a t  

Fields  of  t h e  pulsat ion components of  veloci ty  

0-- 
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d =  55 m; u0 = 100 m/sec (f--z/d= 3;  g--4; h--5; i--6; 

j--4; k--2; 1-5; m--5) 

It is  i n t e r e s t i n g  t o  note t h a t  t h e  l a w  f o r  change i n  t h e  m a x i m u m  tur- 

bulence i n t e n s i t y  along the  mixing zone of  t he  j e t  corresponds t o  t h e  l a w  

f o r  t h e  change i n  t h e  l o c a l  mean veloci ty  along t h e  l i n e  passing through 

t h e  edge of t h e  nozzle. In  the  i n i t i a l  s ec t ion  of  t he  j e t ,  t h e  l o c a l  mean 

ve loc i ty  on t h e  r a d i a l  l i n e  y / r =  0 remains constant ( r e f .  51, while i n  t h e  

main sec t ion  of t h e  j e t  (when x / d <  20) t h e  l o c a l  mean veloci ty  var ies  ac- 

const n i r  m p m s  that the wzke hehind the WtplJt edge w cor6ing t o  t h e  l a w  

of t h e  nozzle is  an e s s e n t i a l  f a c t o r  i n  formation of the  turbulence f i e l d  

i n  t h e  region of t he  j e t  under consideration. 

It should a l s o  be pointed out  t h a t  when t h e  i n i t i a l  j e t  veloci ty  is  

changed f r o m  25 t o  135 m/sec, the re  is  almost no change i n  the  turbulence 

i n t e n s i t y  i n  t h e  boundary l aye r  of the je t .  

Data from t h e  measurements o f  a l l  t h ree  components of t he  pulsat ion 

ve loc i ty  given i n  dimensionless coordinates gave a s a t i s f a c t o r i l y  accurate 

generalized curve describing each of  these components ( f i g .  1). One of 

these  curves f o r  t h e  main sec t ion  i s  given i n  f igu re  2. It should be noted 

t h a t  although t h e  curves are universal  throughout t he  e n t i r e  region of t h e  

boundary l aye r  f o r  t h e  i n i t i a l  sect ion of  t h e  j e t ,  i n  the  main sec t ion  they 

are universa l  only i n  t h e  region included between y =  0 and t h e  outer  bound- 

ary of t h e  je t ;  it would be necessary t o  take t h e  axis of t he  j e t  as t h e  

reference o r ig in  of  t he  ordinates  f o r  f u l l  un iversa l i ty  of  t he  curves 

i n  t h e  main sec t ion  of t h e  j e t .  

/570 

However, s ince  it is  more convenient f o r  

Furposes of solving L igh th i l l ' s  equations t o  give the  turbulence character-  

i s t ics  throughout t h e  e n t i r e  j e t  region i n  a s ing le  coordinate system, co- 

4 



ordina tes  were se lec ted  i n  which t h e  generalized curves are completely uni- 

ver sa l  f o r  the  i n i t i a l  sect ion ( i n  view of the  f a c t  t h a t  most of the  acoust ic  

power is radiated by t h e  i n i t i a l  sect ion of t he  j e t ,  according t o  reference 2 ) .  

Fig. 2. Pulsat ion f i e l d s  of  t he  longi tudinal  component 

of veloci ty  i n  t h e  main sect ion of the  jet  ( B  i n  % 5 

E F / u , , - )  at d =  55 m; a0 = 100 m/sec: 

b--8; c--10; d--12; e--15; f--17 

a--x/d= 6;  

Fig. 3. 

boundary l aye r  of the  j e t  a t  d =  55 m; uo = 100 m/sec: 

a--x/d= 1; b--2; c--3; d--4; e--5; f--6; and a t  d =  40 mm; 

u0 = 120 m/sec: 

Change i n  cor re la t ion  coef f ic ien t  R u , v ,  i n  the  

g--x/d= 4; h--3; i--2;  j--1 

The coef f ic ien t  RUFuF of cor re la t ion  between t h e  pulsat ions of t h e  longi- 

t ud ina l  and r a d i a l  components of veloci ty  measured i n  various sect ions of t he  

5 



. -  

j e t  are given i n  figure 3. 

t he  change i n  the  cor re la t ion  coeff ic ient  may a l s o  be described by a s ingle  

universa l  curve. Measurement of t h e  coef f ic ien t  of cor re la t ion  between t h e  

longi tudindl  and t angen t i a l  components of  t he  pulsat ion ve loc i ty  showed t h a t  

In s p i t e  of t he  considerable scatter i n  the  poin ts ,  

i n  t he  boundary l aye r  of the i n i t i a l  sec t ion  is  extremely s m a l l ,  and Ru ' w  
does not  exceed 0.1 a t  a s i n g l e  point i n  t h i s  region. 

It may be concluded from t he  r e s u l t s  of these s tud ie s  as w e l l  as from 

the  da t a  of o ther  researchers t h a t  t h e  i n t e g r a l  scale of turbulence remains 

near ly  constant across the  mixing region of the  j e t ,  and increases  l i n e a r l y  

with axial distance x; the  empirical  re la t ionships  given i n  references 3 and 

4 correspond r a the r  w e l l  w i t h  t he  experimental data:  

L =0.13x, L = 0.0362. 
X Y 

Spectral  analysis  of  the  pulsation components of ve loc i ty  showed t h a t  

t he  nature of t h e  turbulence spectrum tends t o  change somewhat with dis tance 

from t h e  ax is  of t he  jet: t h e r e  i s  an increase i n  t h e  f r ac t ion  of low fre- 

quency components and a reduction i n  the  f r ac t ion  of high frequency components. 

However, the  form of t h e  s p e c t r a l  curves is changed only s l i g h t l y ,  and it may 

be assumed t h a t  t he  spectrum i n  the  transverse sec t ion  of the  mixing region 

of t h e  j e t  remains constant. As t h e  distance increases  between the  sec t ion  

being s tudied and the  nozzle cutoff ,  there  is  a considerable change i n  t h e  

nature  of the  turbulence spectrum (f ig .  4). A change i n  t h e  i n i t i a l  flow ve- 

l o c i t y  has an effect which i s  just as great. It is  a l s o  obvious from the  

graphs given i n  f igure  4 t h a t  t he  spectra  of a l l  th ree  components of t he  

pulsat ion ve loc i ty  are ra the r  close in nature  a t  the  same flow point.  

Analysis of the  data  showed that  the  turbulence spec t ra  may be - /571 

given i n  dimensionless form if  t h e  Strouhal number Sh is used as t h e  dimension- 

6 
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less frequency. For t h e  i n i t i a l  and t r a n s i t i o n a l  sect ions of  t he  j e t ,  Sh= 

= f,/uo = 1.35 , and f o r  the  main p a r t  of t he  j e t  Sh f x q / u o  = 1.35. 

If the  width of the  boundary layer  i n  the  given sec t ion  of the  jet is  

taken as the  cha rac t e r i s t i c  geometric dimension instead of the  axial dis tance 

x, we ge t  Sh-0.365. 

l o - {  x - 4  I 

-20 

-25 

-30 
-35 

201 
-20 

-25 

-30 
-35 

Fig. 4. Spectra of the longi tudinal ,  t angen t i a l  and radial 

components of ve loc i ty  i n  the i n i t i a l  and t r a n s i t i o n a l  sec- 

t i o n s  of the  je t  at  d = 5 5  mm; u o =  100 m/sec 

The acoust ic  power rad ia ted  by t h e  i n i t i a l  sec t ion  of the  j e t  i s  

The i n i t i a l  sec t ion  of the  jet cons is t s  of a nucleus of constant velo- 

c i t i e s  and a boundary layer .  We s h a l l  assume, as did L igh th i l l ,  t h a t  no noise  

7 



is  crea ted  by t h e  nucleus of  constant ve loc i t i e s .  This a l so  follows from t h e  

r e s u l t s  of these  s tud ie s  which indicate  t h a t  t h e  pulsat ion ve loc i t i e s  i n  t h i s  

region are ins ign i f i can t  , and consequently the  noise  in t ens i ty  determined from 

equation (1) is a l s o  s m a l l .  Therefore, t he  ordinate  of t h e  inner  bound- /572 

ary  of  t h e  j e t  y2 may be taken as the  lower l i m i t  of in tegra t ion  i n  formula ( 3 ) .  

Since t h e  s i z e  of a t y p i c a l  vortex i s  determined by t h e  region of  posi- 

t i v e  cor re la t ion ,  w e  may write 

V ,  = L,LyL, = k$.'k (4)  

If w e  use formulas (1) and (4 )  arid-the value of  Sh, then equation ( 3 )  

f o r  t he  i n i t i a l  sec t ion  of t he  j e t  may be wr i t ten  as 

Since a l l  t h ree  components of t he  pulsa t ion  veloci ty  and t h e  coeff i -  

c i en t s  o f  cor re la t ion  between them can be given i n  t h e  form of dimensionless 

universa l  curves , t h e  i n t e g r a l  i n  equation ( 5  

i c a l l y .  Then equation ( 5 )  t akes  t h e  form 

may be e a s i l y  calculated graph- 

Consequently, t h e  power of t h e  noise  radiated by t h e  i n i t i a l  s ec t ion  of t h e  

j e t  is  defined by t h e  expression 

where x = 4d. H 
I n  a similar manner, w e  may ca lcu la te  t h e  acous t ic  power rad ia ted  

by t h e  elementary sec t ion  and by t h e  e n t i r e  region of t h e  main and t r a n s  

sec t ions  of t h e  j e t .  

For t h e  main sec t ion  of t he  j e t  

both 

t i ona  



if xn i s  taken as 6d. 

For the t r a n s i t i o n a l  s ec t ion  o f  t h e  jet 

The coe f f i c i en t s  i n  formulas (6)-(11) determined by graphic in tegra t ion  are 

The acous t ic  power rad ia ted  by t h e  e n t i r e  j e t ,  

p - r  I 

Calculation by formula (121 s n o w s  L I X I ~  t h e  acous t ic  power radiated by /573 - 
t h e  i n i t i a l  and t r a n s i t i o n a l  sect ions of t h e  j e t  makes up approximately 75% of 

t h e  t o t a l  acous t ic  power of t h e  jet. Thus most of t h e  noise  is  rad ia ted  by 

sec t ions  of t h e  j e t  located less than 6 j e t  diameters f r o m  t h e  nozzle cutoff .  

Formulas (61, (8 )  and (10) may be used f o r  ca lcu la t ing  t h e  acoust ic  

power spectrum of t h e  je t .  

t o  t h e  four th  power of t he  pulsa t ion  veloci ty ,  t h e  spectrum f o r  t h e  acoust ic  

Since the  rad ia ted  acoust ic  power is proport ional  

power rad ia ted  by a given sec t ion  of t he  j e t  w i l l  have a maximum which i s  more 

sharply defined than t h e  m a x i m u m  i n  t h e  turbulence spectrum. Therefore it may 

be assumed t h a t  t h e  spectrum f o r  t h e  acoust ic  power rad ia ted  by t h e  elementary 

sec t ion  comprises a r a t h e r  narrow band with an average frequency which cor- 

responds t o  t h a t  of t h e  maximum component of t h e  turbulence spectrum. The.re- 

la t ionship  between t h i s  average frequency and t h e  dis tance 2 is  expressed by 



I 

This type of ca lcu la t ion  f o r  the acoust ic  power spectrum of a j e t  100 

m i n  diameter showed sa t i s f ac to ry  agreement with the  data  of experimental 

s tud ie s  (ref. 7). 

Notation 

W--acoustic power; po--atmospheric density of t he  air;  V volume of a 2-- 
t y p i c a l  vortez;  f--pulsation frequency; T .--tensor of turbulent  f r i c t i o n  stress; 

d =  2r--nozzle diameter; uo - - in i t i a l  fiow velocity; F0--total f1zr.r temperature; 

u', v ' ,  w'--longitudinal, radial and tangent ia l  components respect ively of the 

pulsa t ion  veloci ty;  L--integral sca le  of turbulence; R--coefficient of cor- 

r e l a t i o n  between the  longi tudinal  components of pulsat ion flow veloci ty  u' 

measured a t  -two points  separated by distance 6 ;  SO--distance between the  fila- 

ments in t h e  hot-wire anemometer pickup where R vanishes; y--distance i n  the  

t ransverse sec t ion  of the  j e t  from t h e  edge of t h e  nozzle t o  the  point  being 

s tudied,  t h e  pos i t i ve  d i rec t ion  being taken as t h a t  toward t h e  outer  boundary 

of t h e  j e t ;  z--axial distance from t h e  edge of the  nozz2.e t o  the  point  being 

i3 

studied;  R ,--relative coef f ic ien ts  of cor re la t ion  between the  cor- 
U ' V "  Ru'w 

responding two components of t he  pulsat ion ve loc i ty ;  Lx, L --longitudinal and 
Y 

t ransverse scales of turbulence respect ively;  x 

of t he  i n i t i a l  and t r a n s i t i o n a l  sect ions of the  j e t  respect ively;  y1, y2-- 

ordinates  of t h e  outer  and inner  boundaries of the  jet .  

x --abscissas of t h e  ends H' Jl 
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